Abstract In this paper, the influence of magnetic field strength on laser-induced breakdown spectroscopy (LIBS) has been investigated for various pressures. The plasma plume was produced by employing Q-switch Nd:YAG laser ablation of an Al-Li alloy operating at a 1064 nm wavelength. The results indicated that the LIBS intensity of the Al and Li emission lines is boosted with an increase of magnetic strength. Typically, the intensity of the Al I and Li I spectral emissions can be magnified by 1.5-3 times in a steady magnetic field of 1.1 T compared with the field-free case. Also, in this investigation we recorded time-resolved images of the laser-produced plume by employing a fast ICCD camera. The results show that the luminance of the plasma is enhanced and the time of persistence is increased significantly, and the plasma plume splits into two lobes in the presence of a magnetic field. The probable reason for the enhancement is the magnetic confinement effect which increases the number density of excited atoms and the population of species in a high energy state. In addition, the electron temperature and density are also augmented by the magnetic field compared to the field-free case.
Introduction
Laser-induced breakdown spectroscopy (LIBS) is a technique based on atomic emission spectroscopy for the analysis of the elementary composition and concentration of solid, liquid and gaseous samples [1] . The working principle of LIBS is that a high-power laser pulse from a laser is focused on the surface of a target, causing the temperature of the surface material to rise rapidly and generating a high-temperature and high-density plasma in front of the target surface. The laser-ablated plasma plume spreads out and expands in the background gas along the direction perpendicular to the surface of the sample and radiates spectra of atomic and ionic characteristic emission lines which are coupled into a spectrometer and are stored on a personal computer for further analysis.
LIBS has, in recent years, been demonstrated to be one of the most important analytical tools due to its increasing use in technological applications, such as industrial processing, environmental monitoring, waste treatment and many other fields [1−5] . In practical applications, LIBS possesses many advantages over other forms of atomic spectroscopy, such as a lack of need for sample preparation, a simple experimental arrangement, in situ measurements, depth profiling, less destructive simultaneous multi-element analysis and the ability to analyze samples in air [6, 7] . These advantages make LIBS suitable for remote and on-line measurements in cases where either a rapid analysis is needed or sample handling needs to be minimized to prevent contamination and human exposure [8] . However, one of the major drawbacks of LIBS concerns its low sensitivity [9, 10] , which is an important factor that requires improvement for the system to be able to detect minor or trace elements in samples. To improve the sensitivity and reproducibility of LIBS, some research groups have investigated various modified techniques, for example, oblique laser incidence [11] , dual-pulse excitation [12, 13] , the use of a purge gas [14] and magnetic confinement [15−21] . In particular, in magnetically confined LIBS, the plasma's physical properties have been changed during propagation across an external magnetic field and this will ultimately affect its emission * supported by the National characteristics. The physics of plasma flow across magnetic field lines is a very important topic in laboratories, tokamak devices and space plasmas [22] . Rai et al. [15] investigated the influence of a steady magnetic field of 0.5 T on the optical properties of laser-ablated plasma created from both solid and liquid samples in air. An enhancement factor of 1.5-2 in the emission was obtained. This was ascribed to an increase in the rate of radiative recombination in the plasma. Neogi et al. [16−18] studied a laser-induced carbon plasma expanding in a non-uniform magnetic field using emission spectroscopy and fast photography. The behavior of the spectra was found to be strongly dependent on the curvature of the magnetic field. The intensity of the emission line increased when the curvature was convex to the moving plasma plume, while it decreased when the curvature was concave. In addition, some intriguing phenomena, such as the splitting of the carbon plasma plume into two lobes (slow and fast components), have been observed. Plasmoid rotation and oscillating behavior have also been observed in an external non-uniform magnetic field [19] . The temporal characteristics of various plasma parameters, such as plasma expansion velocity, electron density and electron temperature, as well as plume lifetime were also noticeably influenced by the externally applied magnetic field. The expansion velocity of the plume was about 6.6×10 6 cm/s in the field-free case, while it dropped to 4×10 6 cm/s in the presence of a 0.64 T steady magnetic field [20, 21] . The estimated electron temperature and density were higher in the presence of a magnetic field compared to the field-free case due to the Joule heating effect and the smaller size of the plasma plume volume, respectively, while the plume lifetime was also found to be prolonged in the magnetic field [19, 21] . In this work, the influence of magnetic field strength on LIBS has been investigated for various pressures. The purpose of our experiments is to simulate the environment of magnetic field effect in the Experimental Advanced Superconducting Tokamak (EAST) to check how the magnetic confinement effect can improve the sensitivity of LIBS detection for our practical applications in tokamak environments.
Experimental setup
The schematic experimental setup in our laboratory is shown in Fig. 1 . The plasma plume was generated by employing a Q-switched Nd:YAG laser (Brilliant Eazy, Quantel) with a 5 ns pulse-width and 10 Hz repetition rate, operating at the fundamental wavelength of 1064 nm. An aluminum-lithium alloy target (Al 91.95%, Li 2.25%, Mg 5.49%), in the form of strips 20 mm in length, 5 mm in width and 2 mm thick, was mounted on an XY translational stage inside a vacuum chamber which was equipped with quartz windows. The stage was driven programmatically by a stepping motor. The surface of the Al-Li alloy sample had been polished with silicon carbide abrasive paper to increase the reproducibility of measurements. Two NdFeB magnets installed on both sides of the sample were used to create a steady magnetic field which was measured by a Gauss meter. The laser beam was focused perpendicular to the sample surface by a lens with a 500 mm focal length. The focus point of the lens was set 2 mm behind the target surface in order to avoid air breakdown in front of the target and to improve the reproducibility of the plasma [23, 24] . The space-integrated LIBS signal was collected along the laser axis through a dichroic mirror and a collection lens with a focal length of 250 mm and was guided into an optical quartz fiber bundle coupled to a spectrometer. The LIBS2500+ (Ocean Optics Inc., US) detection system contains seven linear silicon CCD array detectors, which provided a full spectrum in the range of 200-980 nm for each acquisition. A grating of the spectrometer with spectral resolution of 0.1 nm was used. The integration time (gate width) for collecting the spectrum was set as 1 ms. Two-dimensional images of the plasma expansion were recorded by an intensified CCD (ICCD) camera (PI-MAX4, Princeton Instruments). Gated imaging ICCD is one of the best and easiest techniques for investigating the hydrodynamics of plasmas because it provides a comprehensive picture of plume expansion and evolution [25] . The data acquired simultaneously by all seven channels were stored on a computer. 2 indicates that the spectral intensities were enhanced with magnetic confinement and the signal intensities of the Al and Li emission lines were boosted with the increase of magnetic strength. Fig. 3 shows the variation in the emission intensities of Al and Li as a function of laser irradiance at various magnetic strengths. In our investigation, the applied magnetic field strengths were 0.1 T, 0.3 T, 0.65 T and 1.1 T. The magnetic fields were created by cuboid and cylindrical NdFeB permanent magnets in different configura-tions (sizes). An integration time of 1 ms with a delay time of 0 µs was used to acquire the spectra and all the measurements were carried out at the pressure of 1.75×10 5 mbar. Fig. 3 shows that the emission intensities of the Al ions (569.588 nm) and Li atoms (610.304 nm) increased monotonously with increasing laser irradiance energy both in the absence and presence of a magnetic field. This is due to the increase of the ablated mass and increasing inverse bremsstrahlung as well as photoionization effects [26] . At various magnetic strengths, the time-integrated spectral intensity increased gradually with extending magnetic field. This suggests an enhancement of particle confinement in the strong magnetic field. The expansion of ablated plasmas in a magnetic field involves very complicated processes. Initially, the created plasma plume was at a high temperature and high density. This resulting high plasma pressure (P = nkT e ) means that the external magnetic field is not sufficient to restrict the diffused plasma plume. However, after some time, the density and temperature of the expanded plume decrease and, as a result, the plasma can be confined and the expansion velocity slows down until the motion stops when the plasma pressure (kinetic energy) and magnetic pressure (magnetic energy) are balanced. However, in reality, plasma cannot be completely stopped due to magnetic finite resistivity. As the magnetic strength increased, the plasma plume was confined in a small region. The collision rate of electrons and ions within the plasma plume increased greatly and, as a result, the effective plasma density and the temperature increased. The enhanced electron collisions in turn resulted in an increased number of excited atoms and caused more ground-state atoms to be excited to high energy states, which ultimately radiated more light emissions. As the laser irradiation increased, the optical emissions were enhanced more significantly under a stronger magnetic field. A probable reason for this is that the high laser energy density is able to ionize more atoms so the magnetic field can confine the plasma more efficiently. Meanwhile, the enhancement effect is element dependent and different elements have different magnified factors. This indicates that the element factors and the dynamics of magnetic confinement depend on the element and the excitation properties of the samples. 
The effect of delay time on timeintegrated emission intensity
In order to better understand the hydrodynamics of the plasmas and their optical emission, the temporal evolution of the optical emission lines from the plasmas was investigated by recording the spectra at distinct time intervals as the plasma decayed. The time evolution of the plasma plume is shown in Figs. 4 and 5 . The data and images of a diffused plume produced by Nd:YAG laser with a fluence of 21.06 J/cm 2 were acquired under the pressure of 2.5×10 −2 mbar in the absence and presence of a magnetic field. Fig. 4 shows the temporal evolution of the Li atomic line (670.710 nm) as a function of gate delay time with and without a magnetic field. The figure shows that the emission intensity declines gradually with increasing gate delay time. The probable reason for this is that plasma expansion and cooling cause the plasma density and temperature to decrease with increasing delay time and the number density of the excited atoms declines and emission intensity decreases accordingly. As Fig. 4 shows, the intensity of optical emission and plasma plume lifetime are enhanced by a magnetic field of 1.1 T due to magnetic confinement. The plume expansion dynamics is affected significantly by an external magnetic field. Fig. 5 was obtained using a single laser pulse with a 3 ns exposure time by an ICCD camera at different gate delay times. Due to the presence of the magnetic field, the luminance of the plasma was stronger and the lifetime of the persistence increased considerably. This was attributed to an enhancement in electron collision excitation due to the magnetic confinement effect. In addition, starting from 260 ns, the ablated plasma was observed to break into two almost asymmetrical lobes. Neogi [16] and Harilal [20] also observed a similar splitting phenomenon and ascribed this to the J × B effect, in which J and B are the electron conduction current and magnetic field, respectively. After the plume expanded away from the target surface, the plasma was cooled down and the magnetic field was able to confine the plasma. Then, there was a momentary current produced inside the plasma, which led to the generation of an induced magnetic field. Therefore, the force of current interaction with the magnetic field could be expressed as F = J · (B + dB), which was variable due to the change in dB. The force acting on the plasma was not the same at different times, which led to the different displacements of the plasma plume. Therefore the splitting phenomenon of the plasma plume was observed in the presence of a magnetic field. Fig.4 The evolution of emission intensity of the Li spectral line (670.710 nm) as a function of gate delay time. The Al-Li alloy was ablated by nanosecond laser pulses with a 21.06 J/cm 2 intensity and the spectra were acquired with a 1 ms exposure time 3.3 The influence of ambient gas pressures on the LIBS spectra
The nature and pressure of the ambient gas can largely control the characteristic line emission intensity. Fig. 6 describes a comparison of the line intensities at pressures ranging from 1.0×10
−5 mbar to 1000 mbar of air at various magnetic strengths (0 T, 0.1 T, 0.3 T, 0.65 T and 1.1 T). These results indicates that the initial intensity of the optical emission increases with an increase of ambient pressure and attains a maximum at 50 mbar and decreases again with a further increase of pressure up to atmospheric pressure. Other wavelengths of spectra lines also had similar variation trends. The pressure of an ambient gas strongly influences the laser energy-target coupling, the laser-plasma coupling, and determines the hydrodynamic expansion, cooling, and plasma parameters (electron density, temperature) of the plume [1] . The data observed at a low ambient gas pressure of 50 mbar show that low pressure can extend the mean free path of the plasma and in turn decrease the electron density. This causes the emission intensity to decrease. However, the emission at an ambient pressure of > 50 mbar presents a declining trend. This is because there is higher plasma density in front of the target surface due to stronger ambient confinement. As a result, the plasma shielding effect increases, which allows less laser energy to be absorbed by the target surface.
The time evolution of the Al line for pressures from 1.0×10
−5 mbar to 1000 mbar in the absence and presence of a magnetic field demonstrates that the emission intensities are distinctly enhanced with increasing pressure in the range from 1.0×10
−5 mbar to 0.1 mbar. The data recorded at a background ambient pressure above 0.1 mbar show no enhancement in emission intensity in the presence of a magnetic field. The reason for this is that at low pressures, plasma conductivity decreases due to faster cooling of the plasma and the decreased plasma pressure in turn decreases the magnetic diffusion time, therefore, the magnetic pressure could induce enhancement of collisional events within the plasma plume due to Joule heating. However, at higher pressures the density of the plasma is sufficiently high and generates an inverse induced magnetic field to shield the external magnetic field. However, the available data have not yielded conclusive judgements since various complex interactions take place inside the plasma. The emission intensity of the characteristic line is proportional to the number density of the corresponding excited atoms and the transition probability. As mentioned above, the enhanced collision rate within the plasma plume greatly increases the number of excited atoms. In order to further understand the influence of the magnetic field on the plasma plume, we calculated the electron temperature and density. The plasma was created by employing a 1064 nm YAG laser with an output irradiance of 21.06 J/cm 2 to ablate an aluminum-lithium alloy at a 10 mbar background air pressure in the absence and presence of a magnetic field. The delay time was 0 µs. The electron temperature and density on the basis of a Boltzmann plot and the Stark broadening profile are estimated to be 4.78 eV and 2.71×10 17 /cm 3 , respectively, in a magnetic field of 1.1 T, while in the field-free case the electron temperature and density dropped to ∼3.32 eV and 2.35×10 17 /cm 3 , respectively. Another probable reason is the Zeeman effect, a split effect in which the atomic spectral line exhibits a splitting phenomenon in an external magnetic field. Excited atoms or ions from upper energy states jump into a lower energy state to change the transition probability. This is only speculation and we need to adopt a theoretical approach to address it in future work.
Conclusion
It was found that time-integrated emission intensity can be enhanced by magnetic field confinement and the magnified factors increase with an increase of magnetic field strength. Also, in magnetically confined LIBS, the electron temperature and density were found to be higher with a magnetic field compared to the field-free case. In addition, in the magnetic field case, the plasma plume was observed to split into two asymmetric lobes and the plasma lifetime was also prolonged. A probable reason for this is the higher number density of excited atoms and the transition probability. The results strongly indicate that magnetic confinement of laserinduced plasma can improve the sensitivity of LIBS detection and is very useful for in situ monitoring of impurity deposition and fuel retention on the first wall in the EAST tokamak in strong magnetic field environments. 
